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Abstract 
Ultra-high performance concretes (UHPC) are characterized by high tensile and compressive strength. The high strength is achieved 
by providing well-graded grain-size distribution curve and by utilization of microfillers. The dense structure of UHPC provides 
low permeability, which increases resistance of high-performance concrete to aggressive chemical solutions or freeze-thaw cycling. 
Both these features positively affect the possibilities of utilization of high-performance concrete for outdoor structures. The paper 
presents the first findings of comprehensive research program focused on the investigation of resistance of UHPC to deicing 
chemical agents and freeze-thaw cycles. Several series of tests were conducted to compare the behavior of UHPC and reference 
C40/50 class fibre-reinforced concrete. Several dozen specimens were tested, various load levels were applied. The results have 
shown that up to certain number of freeze-thaw cycles, the mechanical properties of UHPC are not affected at all. A hypothesis is 
proposed to explain this outcome of the experiments. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICEBMP 2016. 
Keywords: Ultra-high performance concrete; resistance to freeze-thaw cycles; deicing chemical agents; four point bending test 
1. Introduction 
Ultra-high performance concrete (UHPC) structures underwent fast development in the last few years. The main 
advantage of this material is its excellent compressive and tensile strength (approximately 5 times more than normal 
strength concretes). High compressive strength is achieved by the use of high cement dosage, continuous grain-size 
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distribution curve and microfillers. Ultra-high performance concrete is characterized by increased density due to low 
porosity of the matrix. According to Voort [1], low porosity should increase resistance to secondary loads (thermal 
expansion, freeze-thaw cycling, aggressive chemicals etc.) up to six times compared to normal strength concrete. This 
resistance is further improved by fibres incorporated in the material. The bond between the fibres and the matrix may 
be disturbed in the area where water penetrates the material, however the research results have shown that water 
penetration depth does not exceed 10 mm in undisturbed UHPC [2]. It means that gradual loss of cohesiveness takes 
place just in the thin layer on the surface and the rest of the cross-section remains intact. The decrease of tensile 
strength of UHPC does not become important until approximately 600 freeze-thaw cycles [3]. 
The design of UHPC structures is very demanding as the material production technique has to be optimized 
according to the type of the structure and production conditions. During the optimization, basic mechanical properties 
of UHPC are commonly verified, but environmental resistance tests usually cannot be performed due to their long-
time nature. Generally, we can adopt the abovementioned assumptions and consider that the resistance of UHPC will 
be much better that the resistance of normal-strength concrete. However, for design of real structures, these 
assumptions must be supported by hard data obtained for the material similar to the one we are going to use.  
Unfortunately, the research works conducted all around the world are not comparable due to different local 
standards (ASTM, DIN, BS etc.) and diversity of local raw-materials. Therefore, an extensive research program was 
proposed to obtain reasonable data for the conditions of the Czech Republic. This paper presents first set of the results. 
2. Experimental program 
Resistance of UHPC exposed to environmental loads was tested by means of freeze-thaw resistance test [4] and test 
of resistance to deicing agents [5]. The freeze-thaw resistance was tested on 100/100/400 mm prismatic specimens. In 
the range of 0 – 200 loading cycles, the tests of dynamic elastic modulus [6], four-point bending tests [7] and 
compressive strength tests on the remains of the prisms [8] were conducted every 25 cycles. As the latter two tests are 
destructive in nature, a new set of specimens had to be produced for each loading level. Each set consisted of 8 UHPC 
samples, 3 of them were used as reference samples for the verification of the production process. These samples were 
tested after 28 days without freeze-thaw cycling, the remaining five were subjected to given number of freeze-thaw 
cycles. The results were compared with reference samples. These were made of normal strength fibre-reinforced 
concrete (C40/50 XC2, XF3). The reference material is used for the production of bridge segments and its suitability 
for bridge structures was verified by several practical applications. In total, 64 UHPC samples and 64 C40/50 samples 
were tested. 
     Table 1. Mix composition of tested specimens.  
Component UHPC (kg) C40/50 (kg) 
Cement 650 500 
Water 145 147 
Water/cement ratio 0.22 0.29 
Aggregate 0/4 950 800 
Aggregate 4/8 416 250 
Aggregate 8/16 230 700 
Superplasticizer 25 5 
Microsilica 100 - 
Steel fibres 1 (30 mm, 600 MPa) - 60 
Steel fibres 2 (25 mm, 420 MPa) 80 - 
Steel fibres 3 (18 mm, 2750 MPa) 80 - 
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Basalt aggregate was exploited for UHPC, standard quarried sand and gravel was used for C40/50. The 
comparability of the results was not affected by this difference as the research follows the common practice. UHPC is 
almost always made from basalt aggregate due to its good mechanical properties. However, basalt quarries are quite 
rare. If the aggregate has to be supplied to a destination more than 50 km away, the transportation costs become too 
high for normal strength concrete. Therefore quarried sand and gravel is used in most cases. 
UHPC is very expensive as the use of high-quality components is required. The largest part of total costs, usually 
about 40 %, falls on the steel fibres. The price of UHPC is approximately 6 times higher than the price of reference 
C40/50 concrete which significantly decreases competitiveness of UHPC. The authors struggled to reduce the price as 
much as possible by the use of alternative fibres without negative effect on the properties of the material. Fibres made 
from waste products – metal strips from the production of steel plates – were used. These strips were cut to particular 
fibres, hook anchorage was provided on the ends of the fibres to improve the bond with the matrix. By using the waste 
product fibres, UHPC costs were reduced by approximately 30% [9]. 
3. Results and discussion 
3.1. Dynamic elastic modulus 
Dynamic modulus was measured on dry samples to avoid influencing of the results by the water enclosed in the 
pores of the material. Ultrasonic laboratory device Proceq Pundit LAB+ with two 54 kHz probes was used. The probes 
were chosen according to the length of the specimen (400 mm) and maximum grain size of the aggregate (16 mm). 
From the plot in figure 1, it is clear that the dynamic elastic modulus of UHPC started to decrease after 125 freeze-
thaw cycles. The decrease continued steadily until 200 cycles. The final average value was 56.5 GPa. The reference 
C40/50 did not reach this value even before the freeze-thaw cycling. The increase of the modulus after 25 cycles was 
probably caused by improper exsiccation of the samples. 
The behavior of the reference C40/50 was more elastic, significant macrocracks decreasing the dynamic elastic 
modulus did not appear until 150 cycles. Behind this threshold, the development of cracks and related decrease of the 
modulus was faster than in case of UHPC (C40/50 – 5.2% per 25 cycles, UHPC – 2.3% per 25 cycles). 
Graybeal and Tanesi [16] studied evolution of dynamic modulus of UHPC exposed to freeze-thaw cycles. They 
registered up to 15 % increase after 250 cycles which was quite a surprising conclusion. They attributed this result to 
water absorption during the tests that lead to the hydration of unhydrated cementitious particles.  
 
Fig. 1. Dynamic elastic modulus at different freeze-thaw cycling levels. 
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3.2. Flexural strength 
Unlike the elastic modulus, almost constant value of flexural strength was maintained for both materials for all 
loading levels (see Figure 2). Degradation of the material during freeze-thaw cycling is caused by formation of 
microcracks in surface layers that are gradually penetrated by the water. Freezing water is responsible for widening 
of the cracks in the course of ongoing cycling, resulting in decrease of elastic modulus. On the other hand, tensile 
strength of the material, mainly the residual strength, is given by the amount of fibres, their strength and bond with 
the matrix. If the cracks created during freeze-thaw cycling don´t affect the anchorage zone of substantial number of 
the fibres, no decrease in tensile strength will take place. Reduction of tensile strength of both materials would 
probably not occur until significantly higher number of freeze-thaw cycles. 
The minor increase of flexural strength of UHPC after 75 cycles could not be reasonably explained. It was probably 
caused just by the standard variance of properties of the samples. 
 
Fig. 2. Flexural strength at different freeze-thaw cycling levels. 
3.3. Compressive strength 
The results of compressive strength test (see Figure 3) proved a tendency similar to the flexural strength. Significant 
decrease would probably again occur after much higher number of freeze-thaw cycles. The value of compressive 
strength depends on the amount of macrocracks disrupting the sample. If the macrocracks penetrate just a small depth 
of the sample, principal compressive stresses will be transferred by compact core of the specimen, which is still almost 
identical with the full cross-section after 200 cycles. 
The minor increases of compressive strength of UHPC after 100 and 175 cycles could not be reasonably explained. 
They were probably caused just by the standard variance of properties of the samples. 
The results are supporting the findings of other researchers. Wang et al. [11] state that almost no effect of freeze-
thaw cycles on properties of UHPC was registered even after 600 cycles. After 1000 cycles, the reduction of 
compressive strength at the level of 6 % was measured. Acker and Behloul [12] similarly reported that after 300 
freeze-thaw cycles, UHPC showed no degradation. Pierard et al. reported that specimens achieving strength between 
140 MPa and 160 MPa also showed no degradation after 112 cycles [13]. Lee at al. [15] examined combined effect 
of freeze-thaw cycles and impact loads on the compressive strength of UHPC, coming to a conclusion that the strength 
was even increased by 15% after 600 cycles; however, they did not propose any explanation of this behavior. 
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Fig. 3. Compressive strength at different freeze-thaw cycling levels. 
3.4. Resistance to deicing chemicals 
Resistance to deicing chemicals was tested on 150 mm cubes immersed in 5 mm layer of 3% NaCl water solution 
and exposed to freeze-thaw cycles according to [5]. Loss of material in grams per 1 m2 of the surface was measured.  
From the plot in figure 4, it is clear that no deterioration of the surface occurred during the first 100 cycles. After 200 
cycles, the difference between UHPC and C40/50 is quite substantial. Increased resistance of UHPC can be attributed 
to the dense structure of the material that prevents the brine from penetrating the specimen. The density of the structure 
is secured by ideal grain-size distribution curve, microfiller and by the use of basalt aggregate that is resistant against 
chemical attack. 
The results are very similar to Alkaysi et al. [14] who reported mass losses between 18 – 21 g/m2 for several UHPC 
mixtures having the w/c ratio of 0.22 and silica to cement ratio of 0.15 after 60 freeze-thaw cycles with the presence 
of deicing chemicals. The general conclusions are also in line with findings of Parant et al. [10] who did not observe 
any substantial evolution of mechanical properties of UHPC samples exposed to the chemically aggressive 
environment (they focused on compressive strength instead of mass loss, so that the direct comparison of the results 
is not possible). 
 
Fig. 4. Mass loss during the deicing chemicals test at different freeze-thaw cycling levels. 
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4. Conclusions 
Comparison of resistance of UHPC and C40/50 concrete used for construction of bridges clearly shows that the 
parameters of UHPC are better in all cases. The proposed UHPC mix is competitive also from the economical point 
of view as the costs were decreased by 30% by the use of fibres made from waste steel strips. Following conclusions 
have been derived from the experiments: 
x The dynamic elastic modulus of UHPC begins to decrease sooner than in case of reference C40/50 fibre-reinforced 
concrete. This is probably caused by the brittleness of the extremely dense structure of the material. Porous 
pressures created by freezing water in the microscopic cracks within the UHPC matrix are more harmful for the 
material than in case of FRC, where the wider cracks and higher amount of internal pores create an additional space 
for compensation of increased volume of the ice. 
x During the experiments, no connection between the flexural strength and the number of freeze-thaw cycles was 
observed for any of the two materials. Reduction of the strength would probably occur after much higher number 
of the cycles. Tensile strength is affected by geometry, strength and amount of the fibres and type of the anchorage. 
The applied number of freeze-thaw cycles created microcracks only in the surface layers of the samples, therefore 
just the bond of limited number of fibres located in these zones was disrupted. The minor variances in the curves 
were probably caused by standard variance of properties of the samples made in one batch. This effect was more 
important than the freeze-thaw cycling at this level. 
x Compressive strength behaved similarly to the flexural strength. No significant variance of this parameter was 
encountered. 
x Substantial difference between UHPC and C40/50 reference concrete was found in case of resistance to deicing 
chemicals. After 200 cycles, average loss of material was 118 g/m2 for UHPC and 314 g/m2 for C40/50. This 
outcome can be again attributed to the density of the material which can be seen from the measured densities – 
2450 kg/m3 for C40/50 reference concrete and 2750 kg/m3 for UHPC. Dense structure of UHPC did not allow the 
brine to penetrate the internal part of the samples.  
The research is still continuing. Currently, freeze-thaw tests for up to 300 cycles are under way. There will be also 
an effort to find correlations between changes of mechanical properties and changes in microstructure of the material, 
optical microscopy and porosimetry methods will be used for this purpose. 
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